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Introduction
In many patients with malignant solid tumors, the final outcome of the disease is often determined by the spread of the primary tumor to distant organs. Metastasis is a multistep process that requires tumor cells to gain access to the lymphatic or blood vasculature, become bloodborn and embolize into the capillary bed of another organ where they finally invade the surrounding tissue. Physiological barriers such as extracellular matrix and basement membranes must be traversed during several steps in this process. To accomplish this task, tumor cells employ a number of proteolytic enzymes. 1, 2 Plasmin, a broad spectrum serine proteinase, degrades the matrix proteins collagen, laminin and fibronectin and regulates the activation of other proteolytic enzymes, such as metalloproteinases. 1 Plasminogen activation is controlled by both plasminogen activators and their inhibitors. Two physiological plasminogen activators appear to have different functions. While t-PA is primarily associated with the clearance of fibrin deposits from the vasculature, 3 u-PA and its cellular receptor, u-PAR, mediate cell-associated plasmin generation during cell migration, inflammation and wound healing. pose tissue. 5, 6 It can be readily detected in plasma and exists in at least two distinct conformations, as an active inhibitor and a latent, inactive form. PAI-1 binding to vitronectin in plasma and in the extracellular matrix stabilizes it in the active conformation. 7 Recent data suggest that PAI-1 reduces cellular migration, not only by direct inhibition of u-PA activity, but also by blocking u-PAR binding and the integrin-binding site on vitronectin, 8, 9 although under some circumstances PAI-1 can promote cellular migration by decreasing cell adhesion to vitronectin. 10 Thus, there may be counteracting mechanisms involving the same molecules that differentially regulate cell adhesion, migration and metastasis.
The expression pattern of PAI-2 is different from that of PAI-1. It is mainly expressed in trophoblastic epithelium in the placenta and usually only detected in the plasma of pregnant women. 11 PAI-2 has an inefficient, internal signal sequence that causes the majority of the protein to be retained in the cell 12 where it seems to serve additional biological functions such as preventing TNF␣-induced apoptosis in HT1080 cells. 13 PAI-2 is a thermostable inhibitor and does not bind to vitronectin or other extracellular matrix proteins. 14 The effects of u-PA and its inhibitors on cell migration and metastasis have been documented. Increased expression of u-PA augments tumor cell migration in vitro 15 and accelerates metastasis of rat prostate carcinomas in vivo. 16 Conversely, PAI-1 has been shown to reduce tumor cell migration in vitro and metastasis in vivo. 17, 18 The effects of PAI-2 on migration and metastasis have also been examined using an expression vectortransfected melanoma cell line 19 or recombinant protein. 20 Human HT1080 cells overexpressing PAI-2 have a reduced ability to degrade extracellular matrix and form a fibrous cap around the tumor in vivo. However, neither metastasis nor its inhibition could be demonstrated histologically. 21 Recombinant adenoviral vectors can be produced in high titers and allow efficient gene transfer into a wide variety of mammalian cell and tissue types. Recently, the effect of adenovirus-mediated gene transfer of human PAI-1 on metastasis of human ocular melanoma cells in an orthotopic nude mouse model has been examined. 22 Repeated intraocular injections of recombinant adenovirus, as well as liver gene transfer by intravenous injection reduced both the incidence and burden of liver metastasis and significantly prolonged survival.
The purpose of this study was to explore the effects of adenovirus-mediated gene transfer of plasminogen activator inhibitors on the metastasis of the more commonly used HT1080 tumor cell line in an animal model. This fibrosarcoma cell line expresses high levels of both u-PA and PAI-1, and is both highly migratory in vitro and metastatic in vivo. The relative efficacy of PAI-1 and PAI-2 was therefore compared with respect to their ability to reduce migration in vitro and metastasis in vivo. The results show that HT1080 cells readily metastasize in nude mice, that expression of plasminogen activator inhibitors by the tumor cells can reduce the incidence of metastasis significantly and that PAI-2 is more effective than PAI-1 following liver gene transfer.
Results
Selection and characterization of HT1080 cell clones HT1080 cells were stably transfected with a luciferase expression plasmid to permit the sensitive detection of metastasis by biochemical assay of organ homogenates. Of the 72 primary G418-resistant clones analyzed, 44 expressed widely varying degrees of luciferase activity in cell lysates. Three rapidly growing subclones with the highest luciferase expression (20-37 light units per cell) were subcloned twice more from single cells using luciferase expression as the selection criterion to ensure both homogeneity and stability of the population. Each primary clone was characterized with respect to expression of u-PA, t-PA and PAI-1 in conditioned cell culture medium and in vitro migration (Table 1) . While all three clones express high levels of both u-PA and PAI-1 and lower amounts of t-PA, the expression of these molecules varies two-to three-fold. It has been previously reported that HT1080 express no mRNA for PAI-2. 21 In these experiments, the rates of cell migration in a Transwell assay were comparable. Clone 28.9.21 and clone 33.47.3, which have equal levels of luciferase expression, were further tested for metastasis in vivo (Table 1) . Clone 28.9.21 demonstrated both the highest expression of u-PA in vitro and the most frequent metastasis in vivo, and was therefore used for all subsequent experiments.
Modulation of tumor cell migration by adenoviral gene transfer in vitro Adenoviral gene transfer was used to alter cellular synthesis and secretion of plasminogen activators and their inhibitors. In the presence of serum, augmenting u-PA secretion by gene transfer stimulated cell migration across a Matrigel-coated filter in a viral dose-dependent manner (Figure 1a ). At 30 infectious viral particles per cell, the number of migrated cells was 22% higher (P Ͻ 0.05) than in the control group. Cells that received t-PA gene transfer, however, migrated at the same rate as control virus-infected cells at all multiplicities of infection. At a MOI of 30, essentially 100% of the cells demonstrate expression of the transgene as determined by AdCMV␤-gal marker virus experiments (data not shown).
In order to confirm that cell migration was dependent on the proteolytic activity of u-PA in the in vitro model system, the expression of its specific inhibitors PAI-1 and PAI-2 was also increased by viral gene transfer. PAI-1 expression reduced migration across the reconstituted matrix components in a dose-dependent way at all viral doses (P Ͻ 0.05), with a maximum reduction of 43% at an MOI of 30 (Figure 1b) . At the highest viral dose, a 29% reduction for PAI-2 (P Ͻ 0.05) was observed in the number of migrated cells as compared with controls.
Parallel cultures of HT1080 cells infected for the migration studies described above were used to condition medium. ELISA was used to quantify secreted u-PA and PAI-1 antigen and correlate the levels of protein expression with cell migration. As shown in Figure 1c , an increase in the levels of u-PA secreted into the culture medium by u-PA gene transfer is positively correlated with an increase in cell migration, whereas a decrease in u-PA secretion by PAI-1 gene transfer reduces cell migration. Conversely, an increase in PAI-1 secretion by adenoviral PAI-1 gene transfer reduces cell migration and a decrease in PAI-1 secretion by u-PA gene transfer increases cell migration (Figure 1d ). These experiments directly link the levels of synthesis and secretion of u-PA and PAI-1 by the tumor cells with their ability to migrate and presumably to metastasize.
Unlike 
Metastasis after in vitro gene transfer
To examine whether the gene transfer of PAI-1 or PAI-2 also influenced metastasis in vivo, human HT1080 cells infected with recombinant adenovirus were implanted in nude mice. Luciferase activity in organ homogenates was used to determine both the incidence of metastasis and to quantify the burden of tumor cells in individual organs. Adenoviral gene transfer of plasminogen activator inhibitors before cell implantation reduced the incidence of metastasis to the lungs at 26 days by 60% for PAI-1 (P = 0.015) and by 64% for PAI-2 (P = 0.009) (Figure 2a) . This was the earliest time-point at which lung metastasis could be reproducibly detected in 100% of animals. The low frequency of metastasis by HT1080 cells to the liver The effect of gene transfer of plasminogen activator inhibitors was also measured on the growth of the primary tumors (Figure 2c ). Primary tumor weights were 1.4 g (median, range 0.15-2.90 g; n = 21) for the controls, 0.83 g (median, range 0.22-3.17 g; n = 22) for the PAI-1 group and 0.78 g (median, range 0.12-1.93 g; n = 11) for the PAI-2 group. Tumors in both the PAI-1 and PAI-2 groups were significantly smaller than controls (P Ͻ 0.05). Confidence intervals (95%) were 1.2-1.8 g for controls, 0.75-1.4 g for the PAI-1 group and 0.45-1.2 g for the PAI-2 group.
Metastasis after in vivo gene transfer to the liver Injection of recombinant adenovirus into the venous circulation targets most of the viral particles to the liver, where infected hepatocytes will synthesize and secrete the transgene product into the blood. Previous results have shown a dose-dependent increase in circulating human PAI-1 following AdCMVPAI-1 injection in mice. 23 Following gene transfer with 5 × 10 8 p.f.u. recombinant adenovirus, antigen levels of human PAI-1 in mouse plasma were increased five-fold from 25 ng/ml (median, range 3-160 ng/ml; n = 20) in control animals to 120 ng/ml (median, range 25-630 ng/ml; n = 23) in PAI-1 virus-treated animals ( Figure 3a) . The high levels of human PAI-1 in control mice were due to PAI-1 secretion from the primary human tumor cells, as non-tumor-bearing animals showed no human PAI-1 in plasma. A linear correlation (r = 0.79) between PAI-1 levels and tumor weight was observed (Figure 3b ). Plasma PAI-1 levels were approximately 21 ng/ml for every gram of primary tumor burden. As PAI-2 is only inefficiently secreted, PAI-2 levels in plasma were undetectable in both the treated and control groups, except for two of 31 treated animals that had 1.0 and 4.5 ng/ml PAI-2 in plasma.
In contrast to the results obtained with in vitro gene transfer, only PAI-2 reduced the incidence of metastasis to the lung by 22% (P = 0.049) and to the brain by 50% (P = 0.05) following liver gene transfer ( Figure 4a ). The apparent 33% reduction in incidence of metastasis to the brain in PAI-1 treated animals was not statistically significant. The increase in circulating levels of PAI-1 and PAI-2 antigen could not be directly correlated with a decrease in either the incidence or the burden of metastasis. Quantification of the tumor burden in different groups showed only minor effects of gene transfer. Although the mean tumor burdens were lower in treated groups than controls, only the 2.5-fold reduction in liver burden was significant following PAI-2 gene transfer (P Ͻ 0.05).
Comparison of primary tumor size also showed a significant difference between treated groups and controls (Figure 4c ). The median tumor weight in the control animals was 3.1 g (range 0.19-12.0, n = 35) compared to 1.3 g (range 0.14-9.8, n = 29) in the PAI-1 group and 1.7 g (range, 0.28-6.4, n = 35) in the PAI-2 group. Confidence intervals (95%) were 12.7-4.4 g for controls, 1.4-3.2 g for the PAI-1 group and 1.5-2.4 g for the PAI-2 group.
Effects of liver gene transfer on host survival A survival study was performed to explore if the reduction of metastasis and smaller primary tumors had a beneficial effect on the disease outcome. Although the exact cause of death was not determined, the animals demonstrated cachexia and respiratory distress and therefore died of consequences of metastatic disease. At 42 days after tumor cell implantation, only three out of 21 animals in the control group, two out of 20 animals in the PAI-1 group and two out of 21 animals in the PAI-2 group remained alive ( Figure 5 ). The cumulative probability of survival plotted as a function of time did not show any difference between treated and control groups. The mean survival time in the treated groups was 37.2 days for the control group, 39.5 days for the PAI-1 group and 39.4 days for PAI-2 group. This shows that the initial differences between treatment groups in the incidence of metastasis and smaller primary tumors found at day 26 did not result in significantly prolonged survival.
Overexpression of plasminogen activator inhibitors and tumor perfusion In order to address one possible mechanism responsible for the observed reduction in incidence of metastasis following ex vivo and in vivo gene transfer, primary tumor vascularization was determined. To quantify the extent of tumor microvascular density, blood perfusion of primary tumors was compared by embolization of 113 Sn-labelled microspheres at day 16 after tumor implantation. This time-point was chosen because tumors were both small (approximately 0.3-0.4 g) and rapidly growing, criteria which are suggestive of active angiogenesis. Normalization of tumor perfusion to reference organs, the liver and kidney, were used to control for the variation in blood flow between animals. After in vitro gene transfer, the median ratios of tumor/liver perfusion in the PAI-1, PAI-2 and control groups were 0.49 (range 0.09-2.2; n = 8; P = NS versus control), 0.35 (range 0.13-1.6; n = 8; P = NS versus control) and 0.28 (range 0.12-1.8; n = 7), respectively ( Figure 6 ). Similarly, no difference in tumor perfusion was observed following PAI-2 gene transfer by intravenous injection, as tumor/liver ratios were 0.72 (median, range 0.25-4.5; n = 19) and 0.93 (median, range 0.06-4.0; n = 16) for control and PAI-2 groups, respectively. PAI-1 expressing adenovirus significantly reduced blood flow to the tumor to 0.49 (median, range 0.13-1.6; n = 16; P Ͻ 0.05 versus control) if the tumor/liver ratio was used, but was not statistically significant if tumor/kidney ratios were compared. Thus, over-expression of plasminogen activator inhibitors had little if any effect on perfusion of tumor tissue following either gene transfer protocol.
Discussion
The aim of this study was to evaluate the role of plasminogen activators and their inhibitors in cell migration and tumor metastasis using adenoviral gene transfer. An HT1080 subclone (28.9.21) was isolated which was both highly migratory in vitro and metastatic in vivo and secreted large amounts of u-PA, t-PA and PAI-1. Although HT1080 human fibrosarcoma cells have not been previously shown to metastasize after subcutaneous implantation, 21 stable transfection of these cells with the sensitive luciferase reporter gene permitted the detection of metastasis primarily to the lung, but also to a variety of other organs. This is in agreement with the report that this fibrosarcoma cell line was derived from a patient who died with metastatic malignancy. 24 Clonal variation with respect to components of the fibrinolytic system has previously been reported in HT1080 subclones, 25 as well as for other tumor cell lines.
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In the process of generating stably transfected cell clones expressing luciferase, we have isolated clones that both differed in their levels of u-PA expression and their ability to metastasize in vivo. Indeed, our HT1080 clone expressed low, but detectable, amounts of PAI-2. When stably transfected cell clones expressing plasminogen activator inhibitors are used to study cell migration, the possibility cannot be excluded that clonal variation in the expression of other genes involved in this cellular process, such as u-PA or u-PAR, distort the biological effects of the transgene. Thus, the use of adenoviral vectors to increase the expression of PAIs in mammalian cells permits their effect on cell migration to be studied in a clonal cell population that has been previously characterized with respect to its migratory and metastatic phenotype. This facilitates a more accurate comparison between different gene transfer treatments and controls. If the balance of plasminogen activators and inhibitors was perturbed by adenovirus-mediated overexpression of either u-PA or inhibitors, the migratory behavior of these cells could be manipulated. While overexpression of u-PA promoted cell migration in vitro, both PAI-1 and PAI-2 reduced it. t-PA appeared not to be involved in the regulation of cell movement. The absence of an effect on cell migration may be due to the lack of fibrin in the in 
gray bars). (b) Burden of metastasis in individual organs. Luminescence signals from positive organs were used to calculate the mean values for total organ burden in light units (lu), which are shown as solid squares. In the box plot, median and 25-75% percentiles are indicated by the open boxes, and 10-90% percentiles are given by the error bars. (c) Box plot comparing the weight of the primary tumors. The number of animals in each group is given in parentheses.

Figure 3 Expression of human PAI-1 in HT1080 tumor-bearing mice. (a) PA1-1 antigen levels in AdRR5 control (n = 20) and AdCMVPAI-1 injected (n = 23) mice. Antigen levels were determined at the time of death on day 26 after tumor cell implantation. Mean values are given by the solid squares. Median and 25-75% percentiles are given by the open boxes, and 10-90% percentiles are given by the error bars. The asterisk indicates values significantly different from controls (P Ͻ 0.05). (b) Individual PAI-1 levels in control virus-injected mice were correlated with primary tumor weight. Linear regression was used to fit the data to the line (r = 0.79).
vitro assay, since t-PA is a fibrin-specific plasminogen activator.
The site of plasminogen activator inhibitor expression, as well as their stability and level of expression determines their efficacy in inhibiting metastasis in different animal models. While stably transfected cell lines that express PAI-1 17, 18 or PAI-2 19 or local injection of recombinant PAI-2 protein 20 show biological effects in various tumor cell lines, elevation of systemic PAI-1 levels in transgenic mice has no effect on lung colonization by B16 melanoma cells. 26 Human ocular melanoma cells implanted orthotopically in the eyes of nude mice are reduced in their metastatic potential by both local gene transfer of PAI-1 into the tumor and systemic elevation of PAI-1 levels using liver gene transfer. 22 The results presented here extend these previous observations. Both PAI-1 and PAI-2 were equally effective at inhibiting metastasis when expressed by the tumor cells, suggesting important autocrine and paracrine effects of these molecules. PAI-1, however, was not effective when overexpressed in the circulation. Although PAI-2 was only detectable in a few animals, it significantly reduced HT1080 metastasis to the lung and brain following liver gene transfer. One possible explanation is that PAI-1 quickly becomes latent after secretion, while this does not occur with PAI-2 even though it is inefficiently secreted. Perhaps a fully secreted form of PAI-2 12 would function even more effectively than the wild-type protein in this setting. Nevertheless, there may be important autocrine effects of PAI-2 on the tumor cells that are unrelated to cell migration. Indeed, expression of both PAI-1 and PAI-1 had significant effects on primary tumor mass following in vitro gene transfer which cannot be explained by reduced tumor perfusion.
The level of expression of u-PA by different tumor cell types was also a factor in determining the inhibition of metastasis by PAI gene transfer. While HT1080 cells secrete high levels of u-PA, the amounts secreted by ocular melanoma cells are almost undetectable. The 10-fold difference in u-PA expression by the two cell types might explain why PAI-1 liver gene transfer reduced metastasis and prolonged survival in the ocular melanoma model but not in the present study. The expression of other proteases, such as metalloproteinases, could also augment the metastasis of HT1080 cells by comparison to ocular melanoma. Plasminogen activation by u-PA has been shown to be directly involved in metalloproteinase activation in vivo that leads to degradation of elastin and collagen in the extracellular matrix. 27 The expression of u-PA and its inhibitors could theoretically affect metastasis by alterations in angiogenesis and access of the tumor cells to the vascular system. Local overexpression of human PAI-1 in PC-3 human prostate carcinoma cells has previously been reported to reduce vascularity in primary tumors. 18 Except for a two-fold effect on HT1080 tumor perfusion with PAI-1 liver gene transfer, the degree of tumor vascularization was largely unaffected by increasing the expression of either plasminogen activator inhibitor. The absence of an effect of in vitro PAI-1 gene transfer on perfusion in HT1080 primary tumors suggests that the reduction in metastasis observed can be attributed solely to the direct effects of plasminogen activator inhibitors on uPA-mediated tumor cell migration and not to differences in neoangiogenesis. Even though HT1080 cells synthesize VEGF, 28 the angiogenic activity of VEGF is not associated with perturbations in the expression of uPA, tPA or PAI-1 in endothelial cells. 29 The present data further emphasize the reduction of tumor cell migration and metastasis by u-PA inhibition. Nevertheless, the ability of tumor cells to access the vascular system and migrate to distant sites is an important control point in the metastatic process. Overexpression of PAI-1 shows no effect on metastasis when tumor cells are directly injected in the circulation, 26 but it can effectively inhibit the process when tumor cells are forced to escape from a confined site. 22 The antimetastatic effects of PAI gene transfer were only partially effective when tumor cells are injected subcutaneously (this report). Apparently, metastasis was only delayed by gene transfer, as survival was not markedly prolonged. Therefore, impaired intravasation of tumor cells from the tumor to the bloodstream is the most likely explanation for the antimetastatic effects of u-PA inhibition.
While gene therapy of malignant tumors using suicide genes and cytokines has already progressed to the stage of clinical trials, it remains to be seen whether overexpression of plasminogen activator inhibitors by viral vectors could be used as an effective adjunctive therapy to inhibit metastasis. Research and development of small molecules that are both potent and specific for u-PA might be a preferable alternative. 30 
Materials and methods
In vitro assays 
ELISAs for human plasminogen activators and inhibitors:
Human u-PA antigen was assayed using a sandwich ELISA consisting of monoclonal antibody MA-4D1E8 as capture antibody and MA-2L3-horseradish peroxidase conjugate for detection. 31 Human t-PA antigen was assayed using a sandwich ELISA consisting of two monoclonal antibodies (MA-62E8 and MA-3B6) for antigen capture and MA-29b9-horseradish peroxidase conjugate for detection. 32 Human PAI-1 antigen was assayed using a sandwich ELISA consisting of monoclonal antibody MA-15H12 as capture antibody and MA-12A4-horseradish peroxidase conjugate for detection. 33 An Imubind human PAI-2 ELISA kit was obtained from American Diagnostica (Greenwich, CT, USA). Assay of human PAI-2 was performed according to the manufacturer's directions using the standards provided. Mouse plasma (20% vol/vol) was found partially to inhibit the binding of the human PAI-2 standards provided. All plasma values were therefore corrected by a factor of 1.5. The lower limit of detection in the various ELISA assays was approximately 0.5-1.0 ng/ml.
Cell culture procedures
All cell lines were cultured in Dulbecco's minimal essential medium (DMEM; GibcoBRL, Gaithersburg, MD, USA). Medium was supplemented with 10% (vol/vol) fetal bovine serum (FBS; GibcoBRL). Standard cell culture conditions were 37°C and 5% CO 2 . Human embryonic retinoblasts transformed with adenoviral left end sequences (911 cells) 34 were obtained from IntroGene (Leiden, The Netherlands) and were used for propagation and titration of recombinant adenoviral vectors.
Recombinant adenovirus
Recombinant adenovirus expressing human PAI-1 23 and empty vectors AdPacI (containing a PacI restriction site) and AdRR5 (containing a pUC19 polylinker) 35 have been previously described. All recombinant vectors contain a deletion of np 455-3333, inclusive, in the E1 region, and the dl309 E3 deletions/insertion of salmon DNA, 36 except for AdPacI which contains the dl327 XbaI deletion in E3.
Construction
of recombinant AdCMVu-PA and AdCMVPAI-2: A plasmid containing the human pro-urokinase cDNA, pu-PA, was provided by William Bennett of Genentech (San Francisco, CA, USA). The uPA cDNA fragment from HindIII to SspI, containing 75 bp of 5Ј untranslated and 600 bp of 3Ј untranslated sequence, was inserted into the adenovirus construction plasmid, pACskCMV2. This plasmid contains the left end of adenovirus type 5 including the origin of replication and packaging sequences (np 1-454), the SV40 ori/hGH terminator from pCMV5, 37 a polylinker to facilitate cDNA insertion, the CMV promoter and flanking adenovirus sequences (np 3334-5779) serving as the target for homologous recombination. It was kindly provided by Joseph Alcorn of UT Southwestern Medical Center (Dallas, TX, USA). The resulting plasmid, pACskCMVu-PA, was cotransfected with ClaI digested Ad5dl309 into 293 cells using standard methods. 35 The cDNA of human PAI-2 38 provided by Toni Antalis (Queensland Institute of Medical Research, Brisbane, Australia) was used for the construction of AdCMVPAI-2. An EcoRI-HindIII fragment was subcloned into the shuttle plasmid pACCMVpLpA(−) 35 to yield pACCMVPAI-2. For the generation of recombinant adenovirus, pACCMVPAI-2 (5 g) and pJM17 (2 g) were cotransfected into 293 (Ad5-transformed human embryonic kidney) cells using standard procedures. 35 Viral clones were verified by restriction enzyme analysis and Southern blotting. Secretion of functional u-PA activity into conditioned medium by virus-infected 293 cells was verified by standard chromogenic substrate assay for plasminogen activation. 39 Expression of functional PAI-2 by the vector was assessed in a similar manner by testing for u-PA inhibition. Viral stocks were prepared and frozen in aliquots at −80°C. Viral titers were determined on 6-cm dishes of 911 cells by plaque assay, using absorption for 1 h at 37°C in 0.5 ml medium, as described previously. 35 Preparation of high titer purified adenovirus: Large-scale production and purification of recombinant adenovirus on CsCl gradients was performed as described. 35 Virus was supplemented with 10% glycerol (vol/vol) and frozen in aliquots at −80°C. Titers of infectious particles were determined as described above and were routinely greater than 10 10 plaque forming units per ml. The p.f.u. per particle ratio was typically 10-12.
Generation of HT1080 clones stably expressing luciferase
Generation of expression plasmid of firefly luciferase: The complete luciferase transcription unit on a NotI restriction fragment consisting of the cDNA, a CMV promoter and the SV40 splice/polyadenylation signal was subcloned from pACCMVluc 40 into pbluescript (Stratagene, La Jolla, CA, USA) to yield pBSCMVluc.
Transfection of HT1080 fibrosarcoma cells: The standard protocol for calcium phosphate mediated transfection of adherent eukaryotic cells was used for the cotransfection of pBSCMVluc (1 g) and pkOneo 41 (200 ng) into human HT1080 cells. Transformants were selected with 300 g/ml G-418 and screened for luciferase expression. Positive clones were subcloned twice to ensure homogeneity of the population.
In vitro migration assay HT1080 cells were infected with recombinant adenovirus on the day before the migration assay. 12-mm Transwells (Costar, Cambridge, MA, USA) with polycarbonate membranes (12 m pore size) were coated with 400 l Matrigel (550 g/ml) for 1 h at 37°C. Cells (5 × 10 4 ) were seeded on top of the Matrigel coat in DMEM containing 2% FBS and allowed to migrate towards DMEM containing 10% FBS for 18 h. Cells were fixed in 3.7% formaldehyde in PBS and stained with hematoxylin for light microscopy. Non-migrated cells were removed from the upper chamber with a cotton swab to aid visualization of migrated cells. The number of migrated cells in an individual well was determined by counting 10 random microscopic fields of 0.07 mm 2 at × 400 magnification.
Animals and experimental protocols
Female NMRI nude mice, 5-8 weeks old, were purchased from CERJ France (Le Geneste St Isle, France). Animal use and care was according to institutionally approved protocols.
In vitro gene transfer protocol: Cells were infected in vitro at a multiplicity of infection (MOI) of 30 plaque forming units (p.f.u.) per cell with recombinant adenovirus in DMEM supplemented with 2% FBS. Two hours after addition of the infectious medium, cells were trypsinized and cell density was adjusted. Infected cells (2 × 10 6 in 300 l DMEM) were implanted subcutaneously into the flank of nude mice and allowed to form tumors.
Liver gene transfer protocol: Liver gene transfer was performed by intravenous injection of adenovirus into the tail vein of mice with 5 × 10 8 p.f.u. recombinant virus in 250 l isotonic saline. On the same day, clone 28.9.21 HT1080 cells (2 × 10 6 ) that stably express luciferase were implanted subcutaneously as described above.
Assay of metastasis: Animals were killed on day 26 after tumor cell implantation. Citrate-treated mouse plasma (1:10; vol/vol) was obtained from vena cava for PAI antigen determination. Lungs, liver, brain and the primary tumor were excised and the tissue specimens were weighed. The liver was divided into two samples that were assayed individually and the results later combined. Lung, brain, liver and tumor samples were homogenized in 2 ml luciferase lysis buffer. Cell debris was removed by centrifugation and luciferase activity was assayed as described above on 20 l samples. Light units per organ were calculated by correcting for instrument background, sample weight and dilution factor. In order to assess incidence of metastasis, organs that had a luminescence signal 100 light units above instrument background (500 light units) were rated positive. This value was chosen because it represented the minimum signal which could be detected which was reproducibly above background. For reference purposes, minimum values for organs were 11 000 light units for the lung, 11 750 for the brain and 15 000 for the liver when multiplied by the total homogenized tissue sample. Burden of metastasis was calculated by statistical analysis of positive luminescence signals.
Survival study after liver gene transfer: Liver gene transfer and implantation of HT1080 tumor cell clone 28.9.21 was performed as described above. Animals were checked daily for survival. Animals that became moribund or comatose were killed and analyzed on that date.
Blood perfusion studies: Blood perfusion of tumor tissue was measured following in vitro or liver gene transfer as described above. On day 16 after tumor cell implantation, animals were anesthetized by intraperitoneal injection of 3.3 mg pentobarbital. Animals were ventilated after a right parasternal thoracotomy and 2.5 Ci 113 Sn-labelled microspheres 15.5 m in diameter (DuPont-NEN, Boston, MA, USA), corresponding to approximately 120 000 microspheres, were injected into the left ventricle of the heart. This method for measuring blood flow to organs is both sensitive and accurate and has been described previously. 42 Animals were killed 3 min after injection by cervical dislocation. Liver, kidney and tumor tissue were excised, blotted on tissue paper, weighed and ␥ radiation was counted in a MINAX ␥ counter (Packard, Downers Grove, IL, USA). Perfusion was expressed as counts per miiligram wet tissue and the ratios of tumor/liver and tumor/kidney were calculated.
Statistical analysis
Values are expressed as means ± standard deviation unless otherwise noted. Differences in tumor incidence were calculated by 2 contingency table analysis with continuity correction and differences in tumor weight was assessed by the Mann-Whitney rank sum test. One factor ANOVA with Scheffe's post-hoc test was used to determine significance for all other statistics. P values of Ͻ0.05 were considered significant.
